INTRODUCTION {#sec1-1}
============

Postoperative acute kidney injury (AKI) is a severe complication of cardiac surgery leading to longer hospital stay, morbidity and mortality.\[[@ref1][@ref2]\] The pathogenesis of AKI is multifactorial.\[[@ref3]\] In this specific setting, AKI depends on heart and kidney interactions and often, could be defined as type 1 cardio-renal syndrome.\[[@ref4]\] In 2004, the acute dialysis quality initiative working party published the risk, injury, failure, loss, end (RIFLE) criteria.\[[@ref5]\] In 2005 Chertow *et al*.\[[@ref6]\] demonstrated that small changes in serum creatinine were indicative of significant renal dysfunction. In 2007, the AKI network (AKIN) proposed a modified version of the RIFLE criteria: The AKIN classification.\[[@ref7]\] A recent study suggests using RIFLE criteria in cardiac surgery because AKIN could lead in this specific setting to an over-diagnosis of AKI.\[[@ref8]\] Despite all these classifications, serum creatinine is an insensitive and unreliable biomarker of AKI.\[[@ref9]\] Delay in detection also means delayed intervention. Therefore, there is a need for new early AKI biomarkers.\[[@ref10][@ref11]\]

Neutrophil gelatinase-associated lipocalin (NGAL) is a protein of lipocalin family and is expressed by neutrophils and renal tubular cells,\[[@ref12]\] its gene was found to be highly upregulated in mouse models of renal ischemia-reperfusion injury and its level correlates with the duration of ischemia.\[[@ref13]\] NGAL can be measured both in plasma and urine samples. NGAL is the most promising among all emerging AKI biomarkers,\[[@ref11]\] and it has been validated in cardiac surgery.\[[@ref14][@ref15]\] A meta-analysis by Haase *et al*.\[[@ref16]\] also including noncardiac surgery, plasmatic and urine NGAL (uNGAL) seemed to give diagnostic and prognostic values for AKI. The role of NGAL, both plasmatic and urinary, in the early diagnosis of AKI in cardiac surgery is now well-recognized as a "renal biomarker." Recently, elevated NGAL levels have been reported in a wider range of cardiovascular diseases, including both acute and chronic heart failure, coronary heart disease, and stroke.\[[@ref17]\] Furthermore, a study of ours\[[@ref18]\] enrolling 27 high-risk patients undergoing cardiac surgery with cardiopulmonary bypass (CPB), found uNGAL 24 h after surgery as a predictor of prolonged Intensive Care Unit (ICU) stay. Moreover, some studies suggest that NGAL plays a direct role in vascular remodeling, plaque instability, atherosclerosis, and myocardium remodeling.\[[@ref19][@ref20]\] Collectively, these findings provide a new the potential role of NGAL as a biomarker for cardiovascular diseases.\[[@ref17]\] However, the best timing to estimate it postoperatively and the reference values that should be used to detect the presence of renal dysfunction from normal function still need to be assessed. There are no studies set up with the aim to accurately evaluate the reference values of NGAL measurement in blood or urine specimens using large reference populations, stratified according to age, gender, and ethnicity.\[[@ref21]\] To this aim, we performed a uNGAL time course with a small number of patients, to understand its perioperative kinetics and its potential role as a biomarker for AKI. This work is a pilot study in a small number of patients, to understand the best timing to investigate uNGAL in the perioperative period. The aim of our study is to evaluate how uNGAL levels change during cardiac surgery (setting where CPB and hemodilution may alter uNGAL concentration) and in the postoperative period.

METHODS {#sec1-2}
=======

After ethical committee approval and informed written consent, this prospective observational study enrolled 19 patients undergoing cardiac surgery with CPB. According to the preoperative evaluation, the sample was so divided into: Eight consecutive low-risk patients undergoing mitral valve repair and eleven high-risk patients undergoing complex and combined cardiac surgery. This division was useful to better evaluate uNGAL kinetics: In this way we considered the two extremity scenarios of patients undergoing cardiac surgery. The sample size was small because we expected to find a big difference in perioperative uNGAL kinetics between the two groups.

Low-risk patients {#sec2-1}
-----------------

Inclusion criteria were: Age \>18, logistic EUROSCORE \<3, good preoperative ventricular function (ejection fraction \>55%; end-diastolic diameter \<60 mm, systolic pulmonary artery pressure \<30 mmHg), no other co-pathologies except for essential hypertension in good pharmacological control, mitral valve repair in median sternotomy. Exclusion criteria were: Mitral valve repair in right thoracotomy, previous cardiac surgery, preoperative serum creatinine \>1.5 mg/dL, intra-operative or postoperative need for inotropes, vasopressors, blood transfusions or mechanical circulatory support devices, and emergent surgery.

High-risk patients {#sec2-2}
------------------

Inclusion criteria were: Age \>18, logistic EUROSCORE \>5, complex and combined cardiac surgery, poor ventricular function (ejection fraction \<40% and/or end diastolic diameter \>60 mm and/or systolic pulmonary artery pressure \>45 mmHg), and intra-operative and postoperative need for pharmacological and/or mechanical circulatory support. Exclusion criteria were: Preoperative serum creatinine \>1.5 mg/dL, previous cardiac surgery and emergent surgery.

All patients underwent preoperative anesthetic evaluation, routine blood tests, resting electrocardiogram, chest X-ray and transesophageal echocardiography, this in order to evaluate cardiac function and valvular disease, also during surgery. Preoperative therapy was administered until the day of surgery. General anesthesia was induced with fentanyl (4--6 mcg/kg), propofol (1--2 mg/kg) and rocuronium 0.6 mg/kg. Anesthesia was maintained with sevoflurane and additional doses of fentanyl and rocuronium when required. All patients underwent median sternotomy. Standard CPB technique and hyperkalemic cardioplegia were used. During CPB, moderate hemodilution (hematocrit 24% to 28%) with mild systemic hypothermia (32--34°C) were utilized. The extra-corporeal device consisted of a centrifugal pump. The circuit priming consisted of 1500 mL Ringer\'s lactate containing 0.5 g/kg mannitol 18%, 0.5 g tranexamic acid, 5000 UI of heparin. Pump flows were adjusted to maintain a flow equal to or \>4.5 L/min. An intra-operative infusion of tranexamic acid (1 g over 20 min followed by 400 mg/h) was used. Protamine was administered after separation from CPB and attaining satisfactory hemodynamics. Fluids and diuretics were infused to the patients to maintain urinary output above 1 mL/kg/h and inotropes were administered to ensure a mean arterial pressure (MAP) of 70 mmHg. Standard monitoring was used. When needed pulmonary artery pressure, wedge pressure and cardiac output were monitored with pulmonary artery catheter. After surgery, all patients were transferred to an ICU. AKI was defined according to the R of RIFLE criterion. Indications for renal replacement therapy (RRT), were onset of uremic complications, persistent oliguria/anuria or refractory fluid overload, hyperkalemia (plasma potassium concentration \>6.5 meq/L) and metabolic acidosis (pH \<7.1) refractory to medical therapy. The RRT was performed with continuous veno-venous hemofiltration. The decision to transfer the patient from the ICU to the main ward was based on the following criteria: Pulse oxymetry \>94% at an FiO2 \<0.5 by facemask, adequate cardiac stability with no hemodynamically significant arrhythmias, chest tube drainage \<50 mL/h, urine output \>0.5 mL/kg/h, no intravenous inotropic or vasopressor agent in excess of dopamine 5 mcg/kg/min. Criteria for hospital discharge were hemodynamic and cardiac rhythm stability, presence of clean and dry incisions, afebrile, normal bowel movement, and independent ambulation and feeding. Serum creatinine was measured preoperatively, at ICU arrival, 24 h later and every 24 h until the patient was in ICU. The uNGAL, hematocrit, serum sodium and MAP were measured at the following time points: Prior to CPB (baseline); during CPB; from end of CPB to end of surgery; at ICU arrival; 4 h after ICU arrival and 24 h after ICU arrival. For each patient, urine was drawn, processed and frozen until the end of enrolment. All intra-operative and postoperative data were collected.

Data were analyzed using SAS 1999--2001 program (release 8.2 by SAS Institute Inc., Cary, NC, US) or IBM SPSS statistics (IBM Corp. Released 2011, version 20.0. Armonk, NY, US). Continuous measures are expressed as mean ± standard deviation or as median (25^th^--75^th^ percentile). Categorical variables are reported as the number (per cent). Whenever normality assumption was not met, nonparametric tests were applied. To compare continuous variables among the risk groups we applied analysis of variance test, where normality assumption was met. Otherwise, we applied Kruskal--Wallis tests or Friedman test. Chi-square analysis or Fisher\'s test, when appropriate, were used to compare discrete variables. Mann-Whitney test was used to compare uNGAL levels among groups. Pearson\'s correlation test and linear regression were applied to evaluate the relations among continuous variables. Spearman\'s correlation test and Friedman test were applied for not normally distributed variables. To perform receiver operating characteristic curve analysis and comparison situation, task, action, result tool was used (<http://protein.bio.puc.cl/star/home.php>).\[[@ref22]\]

RESULTS {#sec1-3}
=======

Low-risk patients {#sec2-3}
-----------------

Perioperative characteristics of low-risk patients undergoing mitral valve repair in median sternotomy are described in [Table 1](#T1){ref-type="table"}. Perioperative uNGAL, hematocrit, serum sodium and MAP time courses are described in Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}.

###### 

Perioperative characteristics of low-risk and high-risk patients

                                                  Low risk patients   High risk patients   *P*
  ----------------------------------------------- ------------------- -------------------- ----------
  Age (years)                                     55±11.12            61.91±12.22          NS
  Sex, female (*n*/%)                             1/12.5              3/27.3               NS
  Logistic EUROSCORE (%)                          1.79±0.51           8.37±3.12            \<0.0001
  Preoperative ejection fraction (%)              56.88±3.84          49±14.6              NS
  Preoperative MAP (mmHg)                         94.38±10.84         105.00±13.78         NS
  Diabetes mellitus (*n*/%)                       0/0                 0/0                  NS
  Atrial fibrillation (*n*/%)                     0/0                 5/45.5               0.045
  Coronary artery disease (*n*/%)                 0/0                 1/9                  NS
  Previous ischemic stroke (*n*/%)                0/0                 1/9                  NS
  Chronic obstructive pulmonary disease (*n*/%)   0/0                 3/27.3               NS
  Cardio-pulmonary bypass time (min)              73.25±8.56          107.09±52.09         0.09
  Aortic cross-clamp time (min)                   57.13±11.28         72.64±46.51          NS
  Preoperative serum creatinine, (mg/dL)          0.82±0.11           1.02±0.32            NS
  24 h postoperative serum creatinine, (mg/dL)    0.79±0.11           1.3±0.52             NS
  Preoperative hematocrit (%)                     40.14±3.96          38.95±4.63           NS
  24 h postoperative hematocrit (%)               38.19±2.99          35.46±4.51           NS
  Preoperative plasmatic sodium (mmol/L)          139.37±1.99         139.58±2.21          NS
  24 h postoperative plasmatic sodium (mmol/L)    139.56±2.10         142.48±3.01          NS

MAP: Mean arterial pressure, NS: Not significant, EUROSCORE: European system for cardiac operative risk evaluation

![Urine neutrophil gelatinase-associated lipocalin time course in low-risk and high-risk patients (\*difference between groups)](ACA-18-39-g001){#F1}

![Hemodilution in low-risk and high-risk patients](ACA-18-39-g002){#F2}

In these patients uNGAL had the highest value at baseline (12.2; IQR 5.7-17.2 ng/mL, then decreased during CPB reaching the lowest level at the end of surgery (3.4; IQR 2-5-6.0 ng/mL, *P* = 0,006). The decrease in uNGAL during CPB could be due to concomitant hemodilution (hematocrit \[HCT\] from 40.14% ±1.54 to 28.38% ±1.03; *P* \< 0.0001). For the same reason, serum Na^+^ decreased from 139.74 mmol/L ± 0.75 to 134.06 mmol/L ± 1.34 (*P* \< 0.0001) during CPB and returned to baseline values 24 h after surgery. On ICU arrival uNGAL, serum Na and HCT returned respectively to their baseline values (uNGAL: 7.2; IQR 6.8-9.6; *P* value not significant vs. baseline). MAP had a little decrease immediately after general anesthesia induction, then remained stable with a little increase at the end of surgery. No patient needed inotropes or vasopressors and no patient developed AKI according to RIFLE criteria.

High-risk patients {#sec2-4}
------------------

Perioperative characteristics and perioperative uNGAL kinetics are described in [Table 1](#T1){ref-type="table"} and [Figure 1](#F1){ref-type="fig"}. The uNGAL started to decrease immediately after CPB (lowest value 4.8 ng/ml, IQR 3.2--17.6; *P* = 0.077 vs. baseline), but, in contrast to low-risk group, increased from end of surgery to the ICU arrival, reaching the highest value at 24 h after ICU arrival (38.2 ng/ml; IQR 18.7--87.5; *P* = 0.04 vs. baseline; *P* \< 0.0001 vs. end of surgery). As in low-risk patients, HCT decreased from 38.94% ±1.32 to 25.82% ±0.88; *P* \< 0.0001 and serum Na^+^ decreased from 139.58 mmol/L ± 0.64 to 135.00 mmol/L ± 1.14; (*P* \< 0.0001) during CPB. No difference was registered in HCT and plasmatic sodium levels between low-risk and high-risk patient at any time. The MAP decreased significantly in high-risk patients after general anesthesia induction as compared with low-risk group (MAP \[mmHg\] 73.8 ± 6.03 vs. 78.8 ± 3.23; *P* \>012). Four patients from the high-risk group developed AKI and two of them died. The first one developed severe AKI, which required RRT for 15 days, then died on the 20^th^ postoperative day from septic shock. The highest uNGAL level in this patient was 147 ng/ml at 24 h after ICU arrival, whereas the highest serum creatinine level was on the 4^th^ postoperative day (6.03 mg/dL). The second one developed severe AKI with preserved diuresis on the 2^nd^ postoperative day, (maximum serum creatinine 5.04 mg/dL on the 6^th^ postoperative day) and died on the 16^th^ postoperative day from severe cardiogenic shock refractory to pharmacological and mechanical circulatory support with intra-aortic balloon pump and veno-arterous extra-corporeal membrane oxygenator. In this case the highest uNGAL level was reached 4 h after ICU arrival (112.8 ng/mL) \[[Table 2](#T2){ref-type="table"}\]. The other two patients developed milder postoperative AKI with preserved diuresis and did not require RRT. In both cases uNGAL elevation was earlier than the rise in serum creatinine level (uNGAL 484 ng/mL and 48.9 ng/mL at 4 h after ICU arrival.

###### 

Serum creatinine\'s time course in low-risk and high-risk patients (mean, SD, minimum and maximum)

                           *n*   Mean (mg/dL)   SD      Minimum   Maximum
  ------------------------ ----- -------------- ------- --------- ---------
  Creatinine baseline                                             
   Low-risk group          8     0.95           0.12    0.63      1.00
   High-risk group         11    1.00           0.30    0.64      1.80
   Total                   19    0.98           0.24    0.63      1.80
  Creatinine ICU arrival                                          
   Low-risk group          8     1.00           0.00    1.00      1.00
   High-risk group         11    0.94           0.22    0.66      1.49
   Total                   19    0.96           0.17    0.66      1.49
  Creatinine 24 h                                                 
   Low-risk group          8     1.00           0 E-7   1.00      1.00
   High-risk group         11    1.24           0.46    0.57      2.00
   Total                   19    1.14           0.37    0.57      2.00

SD: Standard deviation, ICU: Intensive care unit

Comparative analysis {#sec2-5}
--------------------

The only differences detected between the two groups were those related to the underlying diseases of the patients. No difference was found in aortic cross-clamp time or total extra-corporeal circulation time. In both groups significant hemodilution (*P* \< 0.0001) occurred during CBP. The magnitude of this hemodilution was similar between low-risk and high-risk patients, and no difference were registered in HCT levels at any time \[[Figure 2](#F2){ref-type="fig"}\]. Comparing the uNGAL time course in low-risk versus high-risk patients, a different behavior was observed. Initially, a reduction in uNGAL concentration was observed from anesthesia induction to CBP in low-risk as well as high-risk patients. Later, while, in low-risk patients, uNGAL values slowly returned to baseline, the uNGAL values in high-risk patients recorded gradually increasing uNGAL values starting as early as the end of the CBP. The difference between the two subgroups was observed from the end of CBP, and it became statistical significant at ICU arrival (*p* 0.0018) and remained significant for all the later tests during ICU stay (*P* = 0.0068 and \< 0.0001) \[[Figure 1](#F1){ref-type="fig"}\]. AKI occurred four times in "high-risk" patients, but only two of them reached a pathological value of uNGAL based on our laboratory range (\>133 ng/mL).\[[@ref23][@ref24]\] One patient, from this same group, reached uNGAL level of 187.4 ng/mL but didn't develop acute renal damage. If we consider the value of uNGAL higher than the laboratory range as pathological, we could conclude that this marker was not able to discriminate "low-risk" versus " high-risk" patients (*P* \> 0.1). With regards to renal outcome, uNGAL showed a borderline ability to predict postoperative AKI (*P* = 0.097). "If a change in uNGAL level is compared to the baseline level, a significant association was observed for both AKI and group association. In particular, if a double or triple value of uNGAL compared to baseline is observed, it was possible to start to describe a better correlation with either the correct identification of high-risk patient (*P* value Fisher exact test 0.054) or the patients with the renal outcome (*P* value Fisher exact test 0.005). Nevertheless, when we considered as pathological a triplication of uNGAL value compared to baseline, a better correction with AKI predictive power was observed (*P* = 0.009); however the identification of low-risk versus high-risk patients was less accurate (*P* = 0.08)."

In our study, we show that in addition to looking at the absolute value of uNGAL (pathological/normal), it is also useful to evaluate the performance of the baseline value.

DISCUSSION {#sec1-4}
==========

This study adds information regarding uNGAL kinetics: These data will help to understand the kinetics of this new biomarker in low-risk and high-risk patients. Preoperative and intra-operative characteristics of the two groups of patients were similar, except for logistic EUROSCORE, but uNGAL time course was different. In low-risk patients the uNGAL value remains almost unchanged for the duration of the surgery and after, while in high-risk patients the uNGAL value starts to increase at the end of CPB and reaches the maximum in 24 h.

Another study from our group\[[@ref24]\] in low-risk cardiac surgical patients made a perioperative time course for N-terminal-pro-brain natriuretic peptide (NT-proBNP), catecholamines and endogenous ouabain (EO), which is a hormone secreted from the adrenal gland with renal and hemodynamic effects. EO started to increase during CPB, peaked 4 h after surgery and then decreased. Recently, our group demonstrated that high circulating levels of this hormone are associated with a worse prognosis and a greater development of acute renal complications, even in those patients classified as "low-risk" by a clinical point of view.\[[@ref25]\] Adrenaline and noradrenaline levels increased immediately after CBP. NT-proBNP increased 4 h after surgery. Comparing biomarkers, uNGAL seems to increase earlier in low-risk cardiac surgical patients.

In our study, four high-risk patients developed postoperative AKI, but only two of them reached a pathological uNGAL value according to our laboratory range. Tuladhar *et al*.\[[@ref26]\] measured uNGAL in 50 patients undergoing cardiac surgery with CPB and find the values measured 2 h after CPB related to renal injury. Wagener *et al*.\[[@ref15]\] studied 426 patients undergoing cardiac surgery and found a rise of urinary NGAL (uNGAL) values immediately after cardiac surgery, but showed limited accuracy for predicting AKI. Comparing our results with Tuladhar\[[@ref26]\] and Wagener\'s study,\[[@ref15]\] in our patients' uNGAL had lower levels. In Tuladhar\'s study uNGAL increased 2 h after the end of CPB, compared to baseline levels, but they did not measure uNGAL level after the end of surgery. In Wagener\'s work, as in our patients, uNGAL remained high for 24 h and the peak level of uNGAL occurred immediately at the end of surgery. In our study, we considered a change in uNGAL levels compared with baseline in each patient. A doubling of uNGAL was related to the identification of a high-risk patient (*P* = 0.005; RR 6.54, CI 95% 1.03--41.8), while the triplication was associated to AKI (*P* = 0.009). This observation may suggest the usefulness of considering the time course of uNGAL, and not only its absolute value, in the AKI diagnosis. Considering the relation between preoperative and postoperative uNGAL values could be more important in AKI diagnosis than the absolute postoperative value. This, in our opinion, is the most important finding of our work and could have an impact on our clinical practice, leading to measurement of uNGAL also in the preoperative period. NGAL is not only an AKI biomarker, but also has a role in cardiovascular diseases: It is highly expressed in the failing heart and atherosclerotic plaques.\[[@ref17]\] This finding might explain why perioperative doubling of this biomarker could help to identify high-risk patients.

The major limitations of our study are a small number of patients and the specific setting of cardiac surgery. Moreover, in order to consider separately high-risk and low-risk patients, we included patients undergoing different cardiac surgery procedures: However, the patients share the presence of CPB, which is an important determinant in postoperative AKI. Further larger studies are needed to ascertain the best timing of estimating uNGAL in cardiac surgery to diagnose postoperative AKI.

In conclusion, our study could help to understand perioperative uNGAL kinetics in cardiac surgery patients and may differentiate high-risk and low-risk patients.
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